The proportion of CD34 þ CD38 low or neg myeloblasts, but not side population frequency, predicts initial response to induction therapy in patients with newly diagnosed acute myeloid leukemia Leukemia (2013) 27, 728-731; doi:10.1038/leu.2012.217
Normal hematopoiesis is sustained by a relatively small pool of self-renewing primitive hematopoietic stem cells (HSCs). In murine hematopoietic repopulation studies, human cells with bright expression of CD34, but no expression of CD38, are highly enriched in HSC activity. 1 Cells with similar immunophenotype are implicated as leukemia stem cells (LSCs), 2 the initiating and repopulating reservoir for acute myeloid leukemia (AML). CD34 þ CD38 neg cell frequency at diagnosis correlates with the incidence of minimal residual disease following achievement of complete remission (CR) in adult AML 3 and with worse event-free survival in pediatric AML. 4 A similar, but not identical, population of cells known as 'side population' (SP) has been defined based on ability to efflux fluorescent dye Hoechst 33342 via the ABCG2 multidrug resistance-mediating transporter that can be inhibited by fungal toxin Fumitremorgin C (FumC). 5 The SP was originally characterized in mice 6 and was demonstrated to contain primitive HSCs. The stem cell reservoir in nearly all normal tissues resides in the SP, 7 and it also contains the primitive stem cells for solid tumors, including breast, prostate and lung cancer. [8] [9] [10] The relationship between SP and CD34 þ CD38 dim cells has not been previously explored in AML. Three studies demonstrated that SP could be isolated from AML patients. The first study of 16 patients showed that presence of the SP was not related to expression of the multidrug resistance gene (MDR-1), expressed variable CD38, was present with different types of cytogenetics abnormalities, and variably engrafted immunodeficient mice.
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The second study demonstrated that the SP was present in 80% of 61 patients, that 3 out of 28 cases could engraft NODscid mice and that 11/11 exhibited abnormal cytogenetics. 12 The third study highlighted the heterogeneity of the SP derived from 48 patients, although there was uniform expression of the stem cell marker CLL-1. 13 LSCs appear to provide a reservoir for relapse of AML following chemotherapy.
14 Chemoresistance may reflect the relative quiescent state of the LSC and/or increased expression of drug efflux mediating transporters that extrude chemotherapy drugs. 15 The latter possibility motivated us to determine whether SP correlated with outcome in AML. In particular, we investigated the relationship between the frequencies of CD34 þ CD38 neg , CD34 þ CD38 low and SP blasts and clinical prognostic variables, such as age, cytogenetics, achievement and duration of first CR, in patients with newly diagnosed AML. þ blasts first gated based on CD45 and side scatter and then on CD34 expression (shown in blue) demonstrated a SP of 0.55% (shown in red). When FumC was added to the sample, the proportion was reduced to 0.03% with identical gating. Dead cells were excluded using 7-amino-actinomycin D uptake prior to gating. (B) (a) Some AML cases demonstrate mild decrease of CD38 expression on SP blasts. SP blasts are depicted in red and bulk blasts are shown in blue. (b) The majority of AML cases exhibit bright CD38 expression. SP blasts are depicted in red and bulk blasts are shown in blue. (c) A single case demonstrated two distinct blast populations of different ploidy, one derived from the leukemic clone and one from normal population. The population with brighter Hoechst blue and red staining (higher ploidy) demonstrated SP (red) primarily with brighter CD38. Both the SP and the higher ploidy population demonstrated numerous AML-related genomic abnormalities. In contrast, the population with lower ploidy showed a SP (green) that had dim CD38 and did not contain any detectable cytogenetic abnormalities suggestive of residual normal blasts.
33342 at 37 1C for 90 min in the dark and then labeled with conjugated antihuman CD45, antihuman CD34, antihuman CD38 and 7-amino-actinomycin D. The CD38 neg population was determined using fluorescence minus one controls. CD38 low population was defined by CD38 above negativity threshold and below that of mature precursors. Flow cytometry analysis was performed using in-house software Woodlist (Dr Brent Wood). Mean fluorescence intensity ratio (MFIR) was calculated by dividing mean fluorescence of CD38 in bulk blasts by that of SP blasts.
G-banding karyotype analysis was performed at the University of Washington (UW) Cytogenetics Laboratory. Fluorescence in situ hybridization (FISH) was performed by the Cytogenetics Laboratory of the Seattle Cancer Care Alliance.
NODscid IL2R gc À / À (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ) mice were obtained from Jackson Laboratories (Bar Harbor, ME, USA). Animal care protocols were approved by the UW Institutional Animal Care and Use Committee. Fluorescence-activated cellsorted SP or other cell fractions were infused by tail vein injection in NODscid IL2Rgc
À / À mice after sublethal irradiation. Analysis of engraftment was performed by flow cytometry.
Statistical analysis was performed by Wilcoxon rank-sum test, Kruskal-Wallis test and Spearman's correlation. Two patients (unique patient number 63 and 69) had o1 year of CR1 duration and were excluded from the CR duration analyses.
We first confirmed that ABCG2 was the primary transporter responsible for the SP phenotype in AML as in normal HSCs. All normal (20/20) and nearly all AML (21/22) samples demonstrated dramatic reduction of SP following FumC treatment (median SP inhibition 98%) ( Figure 1A ). We then addressed whether SP and CD34 þ CD38 neg populations in normal marrow identify similar primitive hematopoietic cells. In each normal sample, the SP blast population contained 480% CD38 neg blasts and 460% of CD38 neg blasts were present in the SP (Supplementary Figure 1) .
In contrast to normal samples, most AML lacked correspondence between the SP and CD34 þ CD38 neg or low populations. Only rare cases showed a significant overlap between CD38 neg or low blasts and SP (Figure 1Bb ). Rather, most AML samples showed SP populations with a higher level of CD38 more typical of lineage committed progenitors (Figure 1Bc ). Combining data from all cases showed no significant difference in MFIR of CD38 between AML SP and bulk CD34 þ blasts (MFIR 0.94 (P40.1, two-tailed paired t-test)) (Supplementary Figure 2) . SP blasts contained the same cytogenetic abnormalities at similar frequency as bulk blasts in the four consecutive cases tested (Supplementary Table 2 ). In one case, there were two distinct blast populations that were distinguishable by DNA content, normal and abnormal. The SP with higher DNA content (tetraploid) showed the multiple FISH abnormalities of the bulk blasts and also had increased CD38 expression. A second population (diploid) showed a lower DNA content, dim expression of CD38 and no FISH-defined abnormalities, suggesting a residual normal blast population (Figure 1Bc ). CD38 expression thus clearly distinguishes the majority of AML SP cells from the residual normal precursors.
Individual patient fractions of stem cell populations and clinical features are provided in Table 1 . The SP percent did not correlate with age, cytogenetic risk category, response, CR1 duration or Flt3 (all P40.05). Higher percents of CD38 low and CD38 neg were each associated with lack of CR (P ¼ 0.01 and Po0.01, respectively), longer CR1 duration (Po0.01 and P ¼ 0.01, respectively) and increased age (P ¼ 0.01). Higher percent of CD38 neg also correlated with worse cytogenetic risk category (P ¼ 0.01).
The Wilcoxon rank-sum analysis demonstrated that there was a marked difference between the percents of CD38 neg or CD38 low between responders (CR) and nonresponders (no CR): the median for CD38 neg % for responders was 0.001 and for nonresponders was 0.096, and the median for CD38 low % for responders was 0.260 and for nonresponders was 3.996 (Supplementary Figure 3) . Among the top quartile (highest % CD38 neg ) of six patients, there were no CRs, whereas for the lowest quartile, there were five out of six CRs, with four of them of duration 41 year. For both CR and CR duration, P-value was 0.015. Frequencies of both CD38
low and CD38 neg blasts demonstrated a high degree of correlation between frozen and fresh samples (0.71 and 0.76, respectively). In summary, SP cells can be derived from the majority of patient AML blast populations and can exhibit robust dye exclusion and variable expression of CD38. They usually have the same cytogenetic abnormality as the parent leukemia and are capable of variable engraftment in the NODscid IL2Rgc À / À mouse. However, the frequency of this population does not correlate with any known prognostic features in AML, in contrast to the frequency of CD34 þ CD38 low or neg cells. We therefore favor the phenotype of putative LSCs as CD34 þ CD38 low or neg rather than SP, as an increased proportion of CD34 þ CD38 low or neg cells is correlated with increased age, unfavorable cytogenetics, chemotherapy resistance and short duration of CR1. Targeting this population will likely be critical to eradication of leukemia.
